This paper describes the X-29A research program at the National Transonic Facility. This wind tunnel test leveraged the X-29A high alpha flight test program by enabling ground-to-flight correlation studies with an emphasis on Reynolds number effects. The background and objectives of this test program, as well as the comparison of high Reynolds number wind tunnel data to X-29A flight test data are presented.
The distribution of these static pressure rows is also shown in figure 3, where 0°is the windward side of the fuselage, 90°is the starboard side, and 180°is the leeward side. In addition to these static pressure orifices on the forebody, the research airplane was also instrumented with three angle of attack vanes and one angle of sideslip vane on the nose boom.
Facility Description
The NTF is a unique transonic wind tunnel designed to conduct full-scale flight Reynolds number testing through the use of high pressures and cryogenic temperatures. This is a fan driven, closed circuit wind tunnel with an 8.2-foot by 8.2-foot and 25-foot long test section with a slotted ceiling and floor. A planform view of the tunnel is provided in figure 4.
Figure 2: Side and Bottom View of Nose Apex
The nose boom tapered from a 0.88-inch diameter at the tip to a 3.5-inch diameter at the nose apex, and the nose strakes were 1.5 inches wide at the nose apex and 2.5 inches wide at the downstream end. As shown in figure 3 the research airplane was instrumented with four circumferential rows of static pressure orifices. The NTF is capable of an absolute pressure range from 15 psia to 125 psia, a temperature range from -320°F to 150°F, a Mach number range from 0.2 to 1.2, and a maximum Reynolds number of 146x 106 per ft at Mach 1. Typical tests use a temperature range from -250°F to 120°F. A more extensive facility description can be found in reference 5.
NTF X-29 Test Program
The primary test objectives were to compare the NTF high Reynolds number forebody pressure data to the data obtained during the X-29A high alpha flight test, and to assess the Reynolds number effects on the forebody flow at high angles of attack. The effect of fixing transition on the forebody was also studied during this test program.
1/16 th Scale X-29 Model
The NTF X-29 model is a 1/16 th scale representation of the research airplane.
All of the components of the X-29A research airplane were accurately scaled for the NTF model except for the thickness of the nose strakes. At 1/16 th scale the model nose strakes should have been 0.0075 inches thick, but were actually 0.03 inches thick due to NTF model strength requirements.
Pertinent model geometry is given in figure 5.
['he 1/16 th scale NTF model featured flow through _nlets positioned on either side of the forebody just Orward of the canards that combined to form a single exhaust at the back of the model. A flow shield was ncluded to isolate the balance from the interior duct !low in this model. £he contour tolerance of the wing, canard, and vertical tail was _+0.002 inches. The fuselage forebody tolerance was __. 0.004 inches, while the remaining fuselage tolerance was approximately _ 0.004 inches to -0.006 inches. The model was built of 18% nickel maraging steel (C type) with a surface finish of approximately 10 microinches (RMS). The model was composed of separable components to allow testing of multiple configurations. The flaperons, aft body strakes, rudder, and canards were all designed to be set at discrete angles. The 1/16 th scale NTF X-29 model is shown in figure 6 with all its control surface components.
During this NTF test only the canard angle was varied. The model canard was designed to accommodate five discrete angle positions (-20°, -25°, -30°, -35°, -60°), and was set to match the flight test conditions as closely as possible. board accelerometer to measure model angle-ofattack. These angles were measured using an arcsector mounted accelerometer package corrected for sting bending using the balance loads and support sting deflection sensitivities.
These angle of attack measurements had an estimated accuracy of _0.1°. Further information on the tunnel instrumentation, data recording, and the data reduction algorithms is provided in reference 6. The data herein were not corrected for wall interference, support tare and interference, and tunnel upflow.
Test Conditions
The Overall the dynamic pressure ranged from approximately 70 to 800 psf.
Results and Discussion
Tunnel to Flight Pressure Data Comparison A comparison of the forebody pressure distributions obtained from the NTF and flight is given in figures 9 through 11. These data are plotted as the coefficient of pressure (Cp) versus radial forebody location (0) in degrees. Once again 0°represents the windward side of the fuselage, 90°is the starboard side, and 180°is the leeward side. All the data in As expected, all the pressure distributions remain fairly symmetric in this alpha range (30°< ct < 45°), and generally increase with angle of attack. Overall there is a good correlation between the NTF and flight forebody pressure distributions for angles of attack from 30 to 45 degrees.
Figures 10a through 10d have test conditions of
M=0.23, Rc=5.4 million, and _z=50°, 55°, 59°, and 66°, respectively.
There is still reasonable agreement American Institute of Aeronautics and Astronautics between the NTF data and the flight data at a-=50°, but for angles of attack above 50°there is an appreciable difference between the two pressure distributions. At ct_55°a distinct asymmetry develops between the forebody vortices in the flight data as indicated by the asymmetric secondary suction peaks. The starboard vortex at 0_140°lifts away from the surface while the port vortex at 0=210°shifts closer to the forebody causing a higher secondary suction peak under the vortex core. The proximity of the port vortex to the forebody also influences the primary suction peak at 0=290°, and ultimately results in a nose left yawing moment for the research airplane.
The pressure distribution for the NTF model is more symmetric than the flight data at this same angle of attack with only a slight nose tight yawing moment indication. The secondary :uction peak under the port forebody vortex fox"the NTF data is less pronounced here than it has been at lhe lower angles of attack.
•kt cz_-59" the asymmetry between the forebody ,'ortices in the flight pressure distribution is more i_ronounced, and again a pressure distribution associated with the nose left tending yawing moment :'.sobserved. The NTF data at ot_59" again is a more :..ymmetric than that of the flight data with only a :.;light tendency toward a nose fight yawing moment.
'rhe flight pressure distribution for ¢z=66°indicate a ,:hange in asymmetry resulting in a nose right yawing _noment for the research airplane, which is typical for very sensitive high Reynolds number forebody apex flow fields. ''s'_
The NTF data at o_-_66°maintain ,:haracteristics similar to c_59°, and unlike the flight Jata did not experience a change in yawing moment direction.
Overall these differences in the pressure distributions :_etween the NTF and flight are most likely caused by _he differences in both the boundary layer states, and the geometric modeling of the forebody apex, nose boom, and nose strakes. The differences in the boundary layers between the research airplane and the 1/16 '_ scale NTF model may be attributed to differences in the surface roughness between the two lest articles. The NTF model had a very smooth surface finish (approximately 10 microinches), while the research airplane had longitudinal gaps and steps in the forebody due to instrumentation access panels that were located forward of the x/i=O. 136 pressure row. Other external equipment on the research airplane that could have affected the forebody flow especially at the higher angles of attack include an antenna, as well as the three angle of attack and one angle of sideslip vanes mounted on the nose boom. None of these access panels or other equipment was modeled on the 1/16 t_ scale NTF test article. When it is important to match high angle-of-attack flight conditions for this type of forebody flow field, then it is necessary to consider even the smallest geometric differences that may cause an asymmetry in the flow.
A source of error that may also contribute to the discrepancies observed between the NTF and flight data for c_ > 50°would be the wall interference 
Reynolds Number Effects on the Forebodv Flow
A unique advantage of testing in the NTF was the ability to study the X-29 over a large range of
Reynolds numbers, Figure 12 shows forebody pressure data for the NTF model at chord Reynolds numbers ranging from 0.7 to 5.4 million. Figures  12a and 12b The distribution of these static pressure rows is also shown in figure  3 , where 0°is the windward side of the fuselage, 90°is the starboard side, and 180°is the leeward side.
In addition to these static pressure orifices on the forebody, the research airplane was also instrumented with three angle of attack vanes and one angle of sideslip vane on the nose boom.
Facility Description
The NTF is a unique transonic wind tunnel designed The nose boom tapered from a 0.88-inch diameter at the tip to a 3.5-inch diameter at the nose apex, and the nose strakes were 1.5 inches wide at the nose apex and 2.5 inches wide at the downstream end.
As shown in figure 3 the research airplane was instrumented with four circumferential rows of static pressure orifices. 
NTF X-29 Test Program
1/16 th Scale X-29 Model
The NTF X-29 model is a 1/16 t_ scale representation of the research airplane. All of the components of the X-29A research airplane were accurately scaled for the NTF model except for the thickness of the nose strakes. At 1/16 th scale the model nose strakes should have been 0.0075 inches thick, but were actually 0.03 inches thick due to NTF model strength requirements.
Pertinent model geometry is given in This type of pressure distribution is typical of that 7_0 seen in previous forebody studies. "
Results and Discussion
An approximate 10°off set exists between the NTF and the flight data on the starboard suction peak at At (x=55°a distinct asymmetry develops between the forebody vortices in the flight data as indicated by the asymmetric secondary suction peaks. The starboard vortex at 0"_140°lifts away from the surface while the port vortex at 0_210°shifts closer to the forebody causing a higher secondary suction peak under the vortex core. The proximity of the port vortex to the forebody also influences the primary suction peak at 0=290°, and ultimately results in a nose left yawing moment for the research airplane.
The pressure distribution for the NTF model is more symmetric than the flight data at this same angle of attack with only a slight nose 36O tight yawing moment indication.
The secondary suction peak under the port forebody vortex for the NTF data is less pronounced here than it has been at lae lower angles of attack.
At ff_-59°the asymmetry between the forebody ,ortices in the flight pressure distribution is more pronounced, and again a pressure distribution associated with the nose left tending yawing moment is observed. The NTF data at c_59" again is a more _ymmetric than that of the flight data with only a ,qight tendency toward a nose right yawing moment. in the forebody due to instrumentation access panels that were located forward of the x/l=O. 136 pressure row. Other external equipment on the research airplane that could have affected the forebody flow especially at the higher angles of attack include an antenna, as well as the three angle of attack and one angle of sideslip vanes mounted on the nose boom. None of these access panels or other equipment was modeled on the 1/16 _ scale NTF test article. When it is important to match high angle-of-attack flight conditions for this type of forebody flow field, then it is necessary to consider even the smallest geometric differences that may cause an asymmetry in the flow.
A source of error that may also contribute to the discrepancies observed between the NTF and flight data for cx > 50°would be the wall interference associated with using knuckle position #3 on the high alpha sting. For this test, knuckle position #3 placed the model in the closest proximity to the walls and makes the pressure distributions more susceptible to wall interference.
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Reynolds Number Effects on the Forebody Flow
A unique advantage of testing in the NTF was the ability to study the X-29 over a large range of Reynolds numbers. Figure 12 shows forebody pressure data for the NTF model at chord Reynolds numbers ranging from 0.7 to 5.4 million. Figures  12a and 12b Twin grit strips were applied starting at the end of the nose strakes and extending approximately 7 inches to rdl_-_.0.23. Transition pattern #1 was a band of#80 carborundum grit that had a constant width of approximately 0.25 inches. Transition pattern #2 was also a band of #80 carborundum grit that varied in width from 0.25 inches wide at the nose strake to approximately 1.0 inch wide at x/1=0.23. Figure 16 shows forebody pressure distributions for both transition patterns for M_0.22, Rc_.7 million, and _-45 '_. For reference, transition free data at both the low and high Reynolds number conditions is also included in this figure. Note that at this angle of attack the low and high Reynolds number free transition data match reasonably well without any forced transition. The data obtained from transition pattern #1 resemble a fully turbulent pressure distribution.
The vortices due to the forebody are more prominent for transition pattern #2. Both transition patterns are reasonably symmetric analogous to the NTF flight Reynolds number data at this angle of attack. However, transition pattern #1 appears to more closely simulate the high Reynolds number condition. Since the time of this test additional research has been performed providing additional insight into gritting strategies for high angle-of-attack investigations. _3Twin grit strips on the model forebody are still prefen'ed, but the width of these strips is now recommended to be approximately O. 13 inches. A constant width grit pattern is recommended.
It would be interesting to test this new transition pattern on the 1/16 _ scale X-29 model at flight Reynolds number, Rc=5 million, for angles of attack greater than 50°to see if an asymmetric forebody flow field develops similar to those observed in the X-29A flight data. It would also be interesting to test this new transition pattern at all test Reynolds numbers, not just flight, to determine if the new pattern actually makes the low Reynolds numbers better resemble the flight pressure distributions.
Conclusion
Results from the NTF X-29 High Alpha test have been presented.
The NTF high Reynolds number forebody pressure data and the X-29A flight test data showed good correlation up to ct_50°. For angles of attack above 50°, the flight pressure distributions become asymmetric and do not correlate as well with the high Reynolds number NTF data. The differences in the pressure distributions were attributed to a difference in the boundary layer states between the NTF model and the X-29A research airplane. The difference in the boundary layer states is most likely caused by a difference in the surface roughness between the two test articles, and the external equipment on the X-29A research airplane forebody and nose boom that was not modeled on the 1/16 th scale NTF model. The wall interference associated with using knuckle position #3 on the NTF X-29 high alpha sting may also contribute to the discrepancies between the tunnel to flight pressure distributions for angles of attack above 50°. The
Reynolds number effects on the NTF model forebody pressures for moderate and high angles of attack were also presented. The lowest Reynolds number data (Rc=0.7 million) at _=66°showed a laminar flow field which was substantially different from the higher Reynolds number (Rc > 1.9 million) pressure distributions that exhibited more of a transitional boundary layer characteristic. Fixing transition on the NTF model forebody for the lowest test Reynolds number condition improved the correlation to the higher NTF Reynolds number data, but still showed some fundamental differences with flight Reynolds number pressure distribution.
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